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The initiation of HIV-1 reverse transcription is primed by a cellular tRNALys,3 molecule which is bound to a complementary
sequence near the 5* end of the viral RNA genome designated as the primer-binding site (PBS). Recent studies have
suggested that sequences upstream of the PBS within U5 consisting of a stretch of adenine nucleotides (referred to as the
A-loop) might be important in the selection and positioning of tRNALys,3 primer used to initiate reverse transcription. To
further explore the role that the A-loop plays in reverse transcription, we have constructed proviral genomes in which the
PBS was changed so as to be complementary to the 3*-terminal 18 nucleotides of tRNAIle, tRNAPro, or tRNATrp [pHXB(Ile),
pHXB(Pro), or pHXB(Trp), respectively]; a second set of proviral genomes was constructed which contained additional
mutations so that the A-loop regions were complementary to the anticodon region of tRNAIle [pHXB(Ile-AC)], tRNAPro
[pHXB(Pro-AC)], or tRNATrp [pHXB(Trp-AC)]. Transfection of the proviruses into COS-1 cells followed by coculture with
SupT1 cells resulted in production of infectious virus. PCR was used to amplify the PBS regions which were subcloned into
M13mp18 followed by DNA sequence analysis. After short-term culture, the PBSs of proviruses derived from pHXB(Ile),
pHXB(Pro), and pHXB(Trp) reverted to be complementary to tRNALys,3. The PBSs of the viruses derived from pHXB(Ile-AC)
also reverted to be complementary to tRNALys,3; the A-loop region was still complementary to tRNAIle. In contrast, viruses
derived from transfection of pHXB(Pro-AC) initially maintained a PBS complementary to tRNAPro. Upon extended culture, we
identified proviruses which contained PBSs complementary to two additional tRNAs: tRNAIle and tRNALys,3. Furthermore, we
found proviruses which contain two PBSs within the same genome: one complementary to tRNALys,3 and a second comple-
mentary to tRNAPro or tRNAIle. Viruses derived from transfection of pHXB(Trp-AC) were the most delayed in appearance
following transfection. Analysis of the PBS revealed that early after transfection, the majority of the PBSs were complementary
to tRNATrp. After further in vitro culture, proviruses were identified with a PBS complementary to a new tRNA, tRNAMet.
Finally, upon extended culture, the viruses derived from the transfection of pHXB(Ile-AC), pHXB(Pro-AC), and pHXB(Trp-AC)
contained mutations upstream from the PBS in U5 that created a stretch of 3 adenine nucleotides. The results of these
studies then highlight the flexibility that exists with respect to the selection of the tRNA primer used to initiate HIV-1 reverse
transcription. q 1996 Academic Press, Inc.
INTRODUCTION lor and Hsu, 1980). As a consequence of reverse tran-
scription, the PBS of the integrated provirus is comple-
The hallmark of retroviral replication is the conversion mentary to the 3*-terminal 18 nucleotides of the cellular
of the viral RNA genome into a DNA form followed by tRNA used as the primer.
integration into the host cell chromosome. This process, Although retroviruses use a different array of tRNAs
referred to as reverse transcription, is catalyzed by a as primers for reverse transcription, a given group of
virally encoded RNA-dependent DNA polymerase, re- retroviruses will invariably utilize the same tRNA primer
verse transcriptase (RT) (Baltimore, 1970; Temin and Mi- (reviewed in Colicelli and Goff, 1987; Marquet et al.,
zutani, 1970). The initiation of reverse transcription oc- 1995). For example, human immunodeficiency virus (HIV)
curs at a site on the viral RNA genome known as the and simian immunodeficiency virus utilize a tRNALys,3 as
primer-binding site (PBS) which is complementary to the the primer for initiation of reverse transcription. In recent
3*-terminal 18 nucleotides of the cellular tRNA used as years, it has become clear that a complex process is
a primer. The RT extends from the 3*OH of the tRNA required for the selection and positioning of the tRNALys,3
primer bound to the PBS and, in a series of complex on the PBS for initiation of reverse transcription (Barat
events, copies the viral RNA genome to generate a com- et al., 1989, 1993; Robert et al., 1990; Sarih-Cottin et al.,
plete double-stranded DNA copy with long terminal re- 1993; Aiyar et al., 1994; Isel et al., 1995). Previous studies
peats at the 5* and 3* ends prior to integration in the have demonstrated that mutation of the PBS of HIV-1
host cell chromosome (Taylor, 1977; Gilboa et al., 1979; to correspond to the 3*-terminal nucleotides of tRNAs
Peters and Dahlberg, 1979; Peters and Glover, 1980; Tay- different from tRNALys,3 resulted in viruses which could
utilize different tRNAs to initiate reverse transcription (Li
et al., 1994; Wakefield et al., 1995; Das et al., 1995). A1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (205) 934-1580. common feature of all of these studies was that after a
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very short time in culture, the PBS reverted to a wild-type ases were obtained from New England Biolabs. The Taq
DNA polymerase and T4 DNA ligase were purchasedsequence complementary to the 3*-terminal 18 nucleo-
tides of tRNALys,3. Based on the results of these studies, from Gibco BRL, and all of the reagents used for polymer-
ase chain reaction (PCR) were acquired from Perkin –it was suggested that HIV-1 had evolved a specific mech-
anism to exclusively utilize tRNALys,3 to initiate reverse Elmer Cetus. Tissue culture media and reagents were
obtained from Gibco BRL. The synthetic oligonucleotidestranscription. Early studies implicated the involvement of
the RT and nucleocapsid (NC) proteins in the selection used for mutagenesis and PCR were prepared by the
Cancer Center Oligonucleotide Synthesis Facility at theof tRNALys,3 (Barat et al., 1989, 1993). Later studies have
reported that the precursor protein encoding NC and RT University of Alabama at Birmingham. The enzyme-linked
immunosorbent assays (ELISAs) for p24 antigen were(Pr160gag-pol) is involved in the incorporation of tRNALys,3
into HIV-1 particles (Mak et al., 1994). The selective use obtained from Coulter Laboratories.
of tRNALys,3 in reverse transcription though cannot be
Tissue culturesolely explained by interaction of the RT and NC with
tRNALys,3 because nonspecific interactions of RT and NC COS-1 cells were maintained in Dulbecco’s modified
with tRNAs have been demonstrated (Kohlstaedt and Eagle’s medium supplemented with 10% fetal calf serum
Steitz, 1992; Delahunty et al., 1994; Mely et al., 1995). (FCS) at 377 and 5% CO2 . SupT1 cells were grown inFurthermore, studies have reported that several tRNAs RPMI 1640 containing 15% FCS at 377 and 5% CO2 .other than tRNALys,3 are present within HIV-1 virions (Klei-
man et al., 1991; Jiang et al., 1993). Construction of mutant proviral genomes
Recent studies from Isel et al. (1995) have utilized in
General laboratory procedures were followed for DNAvitro enzyme and chemical probing to analyze the interac-
manipulation, plasmid preparation, and subcloning es-tion between tRNALys,3 and the HIV-1 RNA genome. The
sentially as described (Maniatis et al., 1982). Single-results of these studies demonstrated that, as expected,
stranded DNA of M13mp18PBS used for oligonucleotidethe 3*-terminal 18 nucleotides of the tRNALys,3 were
site-directed mutagenesis was prepared as describedbound to the PBS. What was surprising was that addi-
(Wakefield et al., 1994). M13mp18PBS contains HIV-1tional regions of the tRNALys,3 interacted with regions
proviral sequences between the HpaI and PstI sites ofupstream of the PBS in U5. One in particular was a
pHXBgpt which encompasses the PBS region (Rhim etstretch of 4 adenine nucleotides in the HIV-1 genome
al., 1991). The oligonucleotides used to create the de-(designated as the A-loop) that was bound with the anti-
sired mutations in the HIV-1 PBS complementary to thecodon region of the tRNALys,3. If this interaction occurred
3*-terminal 18 nucleotides of tRNALys,3 were as follows:in vivo it would provide an additional mechanism to ex-
plain the specific use of tRNALys,3 to prime reverse tran- pHXB(Ile), 5*-TTCGCTTTCAATCCCCGTACGGGCCAC-
scription. We have recently described the results of ex- CACTGCTAG-3*; pHXB(Pro), 5*-TTCGCTTTCAAATCC-
periments which support this idea by demonstrating HIV- CGGACGAGCCCCCACTGCTAG-3*, and pHXB(Trp), 5*-
1 virus that stably maintained a PBS complementary to TTCGCTTTCAAATCACGTCGGGGTCACCACTGCTAG-3*.
tRNAHis as long as a region within the A-loop was mu-
The conditions used for mutagenesis were as previouslytated to correspond to the anticodon loop of tRNAHis
described (Wakefield et al., 1994). Single-stranded(Wakefield et al., 1996). In the present study, we have
M13mp18PBS phage DNAs containing the correspond-constructed proviral genomes which have a PBS comple-
ing PBS were used as the template for the constructionmentary to tRNAs which have been previously demon-
of the second-site mutations that changed the A-loopstrated to initiate reverse transcription: tRNAIle, tRNAPro,
regions upstream of the PBS. These mutations substi-and tRNATrp (Wakefield et al., 1995; Das et al., 1995). A
tuted sequences complementary to the anticodon ofsecond set of mutations has been created in which both
tRNALys,3 with sequences complementary to the antico-the PBS and a region corresponding to A-loop were mu-
don loops of the corresponding tRNAs. The oligonucleo-tated to be complementary to the respective tRNAs. Each
tides for each respective mutant are as follows:of the mutant proviral genomes were analyzed for their
replication capacity and stability of the PBS sequence. pHXB(Ile-AC), 5*-ACCACTGCTAGAGCTGATAAACACTGA-
Our results demonstrate that mutations within the A-loop CTAAAA-3*; pHXB(Pro-AC), 5*-CCCCACTGCTAGACTTGG-
region in U5 and PBS of HIV-1 have different effects with GGTACACTGACTAAAAG-3*; and pHXB(Trp-AC), 5*-CAC-
respect to the selection and use of alternate tRNAs by CACTGCTAGAACTCCAGAACACTGACTAAAAG-3*.
HIV-1 to initiate reverse transcription.
Confirmation of the desired mutations was carried out
by Sanger dideoxy DNA sequencing (Sanger et al., 1977)MATERIALS AND METHODS
using Sequenase (U.S. Biochemicals). The replicative
Materials
form (RF) M13mp18PBS DNA containing the mutations
was isolated and digested with HpaI and BssHII, re-Unless otherwise specified, all chemicals were pur-
chased from Sigma Chemical Co. Restriction endonucle- sulting in an 868-bp fragment encompassing the PBS.
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The 868-bp fragment was subcloned between the HpaI subcloned between the EcoRI and the HindIII sites pres-
ent in the polylinker region of M13mp18 RF DNA. Follow-and BssHII sites of pHXBgpt (Ratner et al., 1985, 1987)
and the resulting mutant proviral plasmids were ing ligation, the DNA was transformed into competent
Escherichia coli (DH5aF*) and plated on a lawn of E. coliscreened by restriction digests and verified by DNA se-
quencing (Sanger et al., 1977). (DH5aF*) containing isopropyl-b-D-thiogalctopyranoside
and 5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside
DNA transfections and analysis of proviral gene (U.S. Biochemical). Following identification of colorless
expression phage plaques, the single-stranded DNA prepared from
individual recombinant phage clones were sequencedTransfection of proviral plasmid DNA into COS-1 cells
(Sanger et al., 1977).by using DEAE-dextran was carried out as previously
described (Wakefield et al., 1995). Forty-eight hours post-
RESULTStransfection, the supernatant was collected and filtered
through a 0.45-mm pore-size syringe filter (Nalgene). The Construction of HIV-1 proviral genomes with
levels of p24 antigen were determined from two indepen- mutations in U5 and PBS
dent transfections using an ELISA (Coulter Laboratories).
The PBS for HIV-1 is an 18-nucleotide sequence within
Analysis of virus infectivity the viral RNA genome which is complementary to the 3*-
terminal 18 nucleotides of tRNALys,3 used to initiate re-To test for virus replication and infectivity, the various
verse transcription. Recent studies from Isel et al. demon-proviral constructs were transfected into COS-1 cells,
strated that a region located at nucleotide 169 to 172which was followed 24 hr later by coculture with SupT1
(nucleotides corresponding to those in Wakefield et al.,cells (5 1 105) which support high level replication of
1996), complementary to the anticodon loop of the tRNA-HIV-1. After 48 hr, the SupT1 cells were harvested by
Lys,3 primer (designated as the A-loop), is bound to thelow-speed centrifugation (1000 g) and further cultured
tRNALys,3 primer (Isel et al., 1995). To further explore thewith fresh media and additional SupT1 cells. The infected
contribution of the A-loop and PBS sequences in theSupT1 cells were maintained by splitting 1 to 6 every 3
selection of the tRNA primer used to initiate reverse tran-days. For cell-free infections, SupT1 cells (106 cells/ml)
scription, we have made six mutant HIV-1 proviral ge-were infected with 50 ng/ml virus as measured by p24
nomes which contain PBS complementary to differentantigen. After allowing the virus to adsorb for 24 hr,
tRNAs. The first two, presented in Fig. 1A, both containSupT1 cells were pelleted (1000 g), washed with phos-
a PBS complementary to a tRNAIle. Previous studies fromphate-buffered saline (pH 7.0), and further cultured.
our laboratory as well as others have found that virusesSupT1 cultures were monitored visually for the formation
containing a PBS complementary to tRNAIle are viableof multicell syncytia and, at various time intervals, refed
although the PBS rapidly reverts back to a wild-type PBSwith fresh SupT1 cells and fresh media. At the designated
(Wakefield et al., 1995; Das et al., 1995). One of the provi-time intervals, samples of the culture supernatant were
ral genomes which contain a PBS complementary tocollected and analyzed for p24 antigen by ELISA (Coulter
tRNAIle also contained a mutation within the A-loop soLaboratories).
that nucleotides 167 to 173 in the HIV-1 proviral genome
were complementary to nucleotides 33–39 of tRNAIle an-PCR amplification and DNA sequencing of PBS-
ticodon loop. HIV-1 proviral genomes which contain acontaining proviral DNA
PBS complementary to tRNAPro and tRNATrp (Figs. 1B and
Analysis of the proviral PBS sequences from infected 1C, respectively) were also constructed. Previous studies
SupT1 cells was carried out as previously described from Das et al. have found that HIV-1 proviruses con-
(Wakefield et al., 1994). Briefly, approximately 10 mg of taining PBS complementary to these tRNAs are infectious
total cellular DNA from infected SupT1 cells were sub- although the viruses that arose had reverted the
jected to PCR to amplify integrated proviral DNA. The PBS back to the wild-type complementary to tRNALys,3
HIV-1-specific oligonucleotide primers used to PCR am- (Das et al., 1995). Two additional proviruses have been
plify the PBS region were as follows: constructed which contained both the PBS and the
A-loop region complementary to the 3*-terminal 18primer 1, 5*-GGCTAACTAGGGAACCCACTGC-3* (nucleo-
nucleotides and anticodon loop, respectively, oftide 42 to 63); and primer 2, 5*-AGTGAATTCCTCCTTC-
tRNAPro(Fig.1B)andtRNATrp(Fig.1C).TAGCCTCCGCTAGTC-3* (nucleotide 309 to 330).
(Note that the numbers are based on the nucleotide num- Replication potential of mutant proviral genomes
bering of pHXBgpt proviral genome. Also, the underlined
nucleotides in primer 2 indicate the additional sequences Previous studies from our laboratory have shown that
mutations in the PBS do not affect the capacity of theat the 5*-end which correspond to an EcoRI restriction
endonuclease site for subcloning of PCR products.) PCR- proviral genomes to express viral proteins after transfec-
tion into cells (Rhim et al., 1991; Wakefield et al., 1994,amplified DNA was digested with HindIII and EcoRI and
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1995). Because the 5* region of the HIV-1 genome contains that proviruses with the mutations within the PBS and A-
loop all gave infectious virus upon transfection althoughmany cis-acting elements, we wanted to determine whether
the mutations in the U5 and the PBS would affect the subse- the appearance of the viruses was delayed compared to
the wild-type virus.quent ability of these genomes to express HIV-1 proteins
upon transfection. For these studies, plasmids containing
the HIV-1 wild-type and mutant proviral genomes were Analysis of PBS from mutant proviruses early in
transfected into COS-1 cells followed by analysis of the culture
culture supernatants for p24 antigen (Fig. 2A). Considering
the variability inherent with transfections, we conclude from During reverse transcription, the PBS is regenerated
when the RT copies the 3*-terminal 18 nucleotides of thethese results that there is no significant difference between
the different viral genomes and the wild type with respect tRNA used to prime reverse transcription (Gilboa et al.,
1979; Taylor and Hsu, 1980). In previous studies, we andto release of p24 antigen. Using metabolic labeling of
transfected cultures, we have confirmed the expression of others found that viruses derived from mutant proviral
genomes containing PBS complementary to alternateviral proteins using specific antibodies (data not shown).
Taken together, we conclude that the mutations in the A- tRNAs reverted back to the wild-type PBS (Li et al., 1994;
Wakefield et al., 1995; Das et al., 1995). To determine ifloop region and PBS have no effect on expression of viral
proteins following transfection of the proviral genomes into this is the case for the mutant viruses containing the
PBS complementary to tRNAIle, tRNAPro, and tRNATrp, wetissue culture cells.
To determine the infectious potential of each of the utilized PCR to amplify regions encompassing the PBS
region; the PCR-amplified DNA was subcloned intomutant proviral genomes, the transfected COS-1 cells
were cocultured with SupT1 cells which are susceptible M13mp18 and individual phage plaques were se-
quenced. Consistent with previous studies, the HIV-1to HIV-1 infection. To estimate viral replication, the p24
antigen was measured in the supernatants from the cul- proviral genomes with a PBS complementary to tRNAIle,
tRNAPro, and tRNATrp reverted to a PBS complementarytures (Fig. 2B). The wild-type virus derived from transfec-
tion of the wild-type genome (pHXB) appeared first, to tRNALys,3 by 10 days post coculture (13 days post-
transfection) (Table 1). This result correlated with the factreaching peak levels at approximately 6 days post cocul-
ture. Viruses derived from transfection of mutant HIV-1 that by this time we observed increased virus replication
as measured by p24 antigen in the culture supernatants.proviral genomes containing the PBS complementary
to tRNAIle [pHXB(Ile)], tRNAPro [pHXB(Pro)], tRNATrp We next analyzed the proviruses which contained the
mutations both in the U5 and in the PBS (Table 1). The[pHXB(Trp)], or those with mutations in both the PBS and
the A-loop [(pHXB(Ile-AC) and pHXB(Pro-AC)] appeared PBS of viruses derived from transfection of pHXB(Ile-AC)
had reverted back to be complementary to tRNALys,3; theat Day 6 post coculture. Virus production increased dur-
ing the subsequent 4 to 6 days, reaching levels compara- A-loop region though was still complementary to the
anticodon loop of tRNAIle. Thus, the presence of a se-ble to that of the wild-type virus. In contrast, viruses de-
rived from transfection of proviral genomes containing quence complementary to the tRNAIle anticodon region
positioned within the U5 region of the HIV-1 viral genomethe PBS and A-loop complementary to tRNATrp [pHXB(Trp-
AC)] appeared at approximately 26 days post coculture; in this case did not prevent the PBS from reverting to be
complementary to tRNALys,3.within 4 days the levels of p24 antigen in the culture
supernatant were comparable to those of the wild-type In contrast, the majority of the clones we isolated from
viruses derived from pHXB(Pro-AC) contained a PBSvirus. The results of the these studies then demonstrate
FIG. 1. Diagram of tRNAs and description of the mutations of the PBS and upstream (A-loop) of the PBS region. The predicted base pairing
between the mutant viral RNA sequences and the anticodon is also depicted. The numbers indicate the nucleotide positions of the mutant residues
within the RNA genome. (A) A diagram of tRNAIle is depicted as described by Sprintzl et al. (1989). The nucleotides of tRNAIle which were used to
design the mutations within the A-loop and PBS region are depicted in bold. A mutation in the PBS was constructed such that the PBS was
complementary to the 3*-terminal 18 nucleotides of tRNAIle [pHXB(Ile)]. An additional mutant proviral genome was constructed which contained
sequences complementary to the anticodon loop [pHXB(Ile-AC)] of tRNAIle in place of that sequence complementary to the corresponding anticodon
loop of tRNALys,3 (Isel et al., 1995; Wakefield et al., 1996). Y, pseudouridine; D, dihydrouridine; Am1, 1-methyladenosine; C5, 5-methylcytidine; G2, N2-
methylguanosine; G4, N2,N2-dimethylguanosine; G7, 7-methylguanosine; A7, N-((9-b-D-ribofuranosylpurine-6-yl)carbamoyl)threonine; T, 5-methyluri-
dine; I, inosine. (B) A diagram of tRNAPro is depicted as described by Harada et al. (1979). The nucleotides of tRNAPro which were used to design
the mutations within the PBS region are depicted in bold with the anticodon sequences also. A mutation in the PBS was constructed such that the
PBS was complementary to the 3*-terminal 18 nucleotides of tRNAPro [pHXB(Pro)]. An additional mutant proviral genome was constructed which
contained sequences complementary to the anticodon loop [pHXB(Pro-AC)] of tRNAPro in place of that sequence complementary to the corresponding
anticodon of tRNALys,3 (Isel et al., 1995; Wakefield et al., 1996). U3, 2*-O-methyluridine; G1, 1-methylguanosine. (C) A diagram of tRNATrp is depicted
as described by Harada et al. (1975). The nucleotides of tRNATrp which were used to design the mutations within the PBS region are depicted in
bold with the anticodon sequences also. A mutation in the PBS was constructed such that the PBS was complementary to the 3*-terminal 18
nucleotides of tRNATrp [pHXB(Trp)]. An additional mutant proviral genome was constructed which contained sequences complementary to the
anticodon loop [pHXB(Trp-AC)] of tRNATrp in place of that sequence complementary to the corresponding anticodon of tRNALys,3 (Isel et al., 1995;
Wakefield et al., 1996). G1, 1-methylguanosine; Y3, 2*-O-methylpseudouridine; C3, 2*-O-methylcytidine.
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still maintained a PBS complementary to tRNAPro; the A-
loop did not revert back to that found in the wild-type
genome (Table 2). What was surprising though was that
4 proviral genomes contained two PBSs; 3 of the clones
had a PBS complementary to tRNALys,3 inserted upstream
from the PBS complementary to tRNAPro while 1 clone
had a PBS complementary to tRNAIle inserted upstream
from the PBS complementary to tRNAPro. By Day 22 post
coculture, all of the PBSs having only one PBS sequence
were complementary to the tRNALys,3 (data not shown).
More importantly, the clones which contained two PBSs,
one complementary to tRNALys,3 and the other to tRNAPro,
predominated. All of the clones with the two PBSs con-
tained an intervening sequence consisting of 14 nucleo-
tides identical to one of the clones isolated at Day 16 post
coculture (data not shown). By Day 27 post coculture, 2
of the 8 PBS clones analyzed contained a single PBS
complementary to tRNALys,3 (Table 3). Six of the 8 clones,
though, contained the dual PBS within the same genome;
4 clones contained two PBSs complementary to tRNALys,3
and tRNAPro, 1 clone contained two PBSs both comple-
FIG. 2. Protein expression and infectivity of proviruses with mutation
mentary to tRNALys,3, and 1 clone contained two PBSs,in U5 and the PBS. (A) Release of virus from COS-1 cells transfected
one complementary to tRNALys,3 and the other comple-with the wild-type and mutant proviral genomes. COS-1 cells were
transfected with the designated plasmids. At 48 hr posttransfection, mentary to tRNAIle. Overall, 5 of the 6 clones with the two
the culture supernatants were analyzed for released virus particles by PBSs now contained a C to A change at nucleotide 171
quantitation of p24 antigen using ELISA (Coulter). The bar graph illus- within the A-loop region that created a stretch of 3 ade-
trates the mean values of p24 antigen detected from two independent
nine nucleotides.transfections with standard deviations represented by error bars. (B)
Kinetics of the appearance of infectious virus derived from transfection
of wild-type and mutant proviral genomes. The plasmids containing the Analysis of PBS from viruses with mutant U5 and PBS
wild-type and mutant proviral genomes were transfected into COS-1
complementary to tRNATrpcells, which was followed 24 hr later by coculture with SupT1 cells (5
1 105). After 48 hr of coculturing, the SupT1 cells were then isolated by
The appearance of viruses derived from transfectioncentrifugation, washed once, and further cultured with more uninfected
of pHXB(Trp-AC) was later than all of the other viruses.SupT1 cells and fresh media (Day 0). At various intervals postcoculture,
culture supernatants were collected and the p24 antigen was quanti- In all of the clones analyzed from Day 16 post coculture
tated by ELISA (Coulter). The samples are as marked. the A-loop region and PBS were complementary to
tRNATrp (data not shown). Analysis at Day 22 post cocul-
ture revealed that the majority (9 of 10) still maintained
complementary to tRNAPro. We found two clones in which
a PBS complementary to tRNATrp (Table 4). Surprisingly,
the PBS was complementary to tRNAIle although the A-
we isolated a single clone in which the PBS was comple-
loop region was still complementary to tRNAPro. Thus,
mentary to a tRNAMet. To our knowledge, tRNAMet has not
viruses with the PBS complementary to tRNAPro could
been found to initiate HIV-1 reverse transcription. At Day
utilize the tRNAIle to initiate reverse transcription. This
27 post coculture, we found a remarkable conversion in
result is consistent with those from Das et al. (1995) who
which the majority (16 of 17) of the PBSs analyzed were
found that the proviruses with a PBS alone that was
now complementary to tRNAMet (Table 4). One of the
complementary to tRNAPro reverted to a PBS complemen-
clones also contained an additional mutation in which
tary to tRNAIle. Finally, analysis of proviral genomes at
an A nucleotide was substituted for a G (nucleotide 171)
this time post coculture from viruses derived from
within the A-loop region. Finally, we also identified a
pHXB(Trp-AC) revealed that all of the clones analyzed
single clone in which the PBS was complementary to
contained a PBS complementary to tRNATrp.
tRNAIle; the A-loop region was still complementary to
tRNATrp. All of the PBSs contained the substitution of theAnalysis of PBS from viruses with mutant U5 and PBS
nucleotide AA for the CT (nucleotides 176 and 177) incomplementary to tRNAPro
the region between the A-loop region and the PBS. By
Day 34 post coculture, the majority of the clones analyzedTo determine if the viruses with a PBS complementary
to tRNAPro were stable, we analyzed the PBS of the vi- (11 of 12) still contained a PBS complementary to tRNA-
Met. Considerable heterogeneity was also seen within theruses after extended in vitro culture. At Day 16 post cocul-
ture, of the 12 clones analyzed, we found that 5 contained A-loop region; A nucleotides were substituted for both a
G (nucleotide 171) and T (nucleotide 169) nucleotide.a PBS complementary to tRNALys,3 and 3 of the clones
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TABLE 1
Sequences fo the PBS Region of Mutant Proviruses Isolated at Day 10 Post Coculture
a Sequences located in the A-rich loop region.
b Frequencies of the DNA sequences of the PBS region obtained from independent M13 phage clones.
c The input sequence refers to the initial mutations in the PBS region.
d Asterisks denote identity with the input sequences.
e Nucleotide deletion during reversion from Ile PBS to Lys,3 PBS.
f T insertion during reversion from Pro PBS to Ile PBS (Das et al., 1995).
We also isolated a single clone in which the PBS was pHXB(Pro-AC), and pHXB(Trp-AC) all demonstrated a
complementary to tRNALys,3; this clone also contained an rapid rise in p24 antigen in the culture supernatant after
AA substituted for the CT (nucleotides 176 and 177) in 7 or 8 days postinfection; by 11 days postinfection, the
the region between the A-loop and the PBS. levels were comparable with that of the wild-type virus
(Fig. 3). At 11 days postinfection, when the amounts of
Stability of viruses with altered PBS p24 antigen in the cocultures were similar, high molecu-
lar weight DNA was collected from the infected cells andTo further examine the stability of the A-loop and PBS
PCR used to amplify the region containing the PBS (Tableregions of the mutant viruses, we examined the cell-free
5). All nine clones from the viruses derived from pHXB(Ile-infectivity of all of the viruses after Day 34 of coculture
AC) contained a PBS complementary to tRNALys,3. Inter-by using equal amounts of p24 antigen to initiate the
estingly, seven of the nine clones also contained a C toinfections. Viruses derived from pHXB(Ile), pHXB(Pro),
A change (nucleotides 171) and G to A change (nucleo-and pHXB(Trp) all had similar replication profiles (data
tide 173) within the A-loop which created a stretch ofnot shown); we attribute this to the fact that the viruses
three adenine nucleotides. Thus, these viruses now con-used to initiate these infections were obtained from the
tained the A-loop that was similar to the A-loop of thecocultures in which the PBS of the viruses had reverted
wild-type virus.back to wild type (see Table 1). Viruses which were ob-
tained from the coculture samples from pHXB(Ile-AC), Analysis of the PBS from cells infected with viruses
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TABLE 2
Sequences of the PBS Region of Pro-AC Mutant Proviruses Isolated at Day 16 Post Coculture
a Sequences located in the A-rich loop region which were made complementary to the anticodon loop of tRNAPro.
b Frequencies of the DNA sequences of the PBS region obtained from independent M13 phage clones.
c The input sequence refers to the initial mutations in the PBS region.
d Asterisks denote identity with the input sequences.
e Insertion of Lys,3 PBS and upstream sequence of PBS in addition to the input sequence. Underline denotes the copy of the upstream sequence
of PBS.
f Insertion of Ile PBS and upstream sequence of PBS in addition to the input sequence.
g Insertion of Lys,3 PBS and repeated sequence in addition to the input sequence.
h T insertion during reversion from Pro PBS to Ile PBS.
derived from pHXB(Pro-AC) revealed a PBS complemen- PBS in which a CT (nucleotides 176 and 177) was
changed to AA. This mutation created three adeninestary to tRNALys,3 in all of the clones. Interestingly, in 9
of 10 clones, a second PBS was found 14 nucleotides between the A-loop region and the PBS at a position
five nucleotides downstream from the wild-type A-loopdownstream of the PBS complementary to tRNALys,3. In 8
of these clones, the second PBS complementary to tRNA- sequence.
Pro was found while a single clone contained the second
PBS complementary to tRNAIle. We also noted that 8 of DISCUSSION
the 10 clones contained a mutation in the A-loop region
in which a C (nucleotide 171) was changed to an A which In this study, we have investigated the role the primary
HIV-1 genome sequence plays in the selection of thecreated 3 adenine nucleotides similar to that found in
the wild-type genome. tRNA primer used to initiate reverse transcription. Trans-
fection of proviral genomes which contain PBS comple-Analysis of the PBS of viruses derived from pHXB(Trp-
AC) revealed that 9 of the 12 clones contained a PBS mentary to tRNAIle, tRNAPro, or tRNATrp into cells resulted
in an infectious virus which reverted the PBS back tocomplementary to tRNALys,3. Three of the 12 clones still
maintained a PBS complementary to tRNAMet. Based on wild type complementary to tRNALys,3 within 10 days post
coculture. This result was not surprising since previousthe frequency of the clones containing the PBS comple-
mentary to tRNAMet, it appears that these viruses do not studies by Das et al. (1995) found that proviruses which
contained PBSs complementary to several tRNAs, includ-replicate as efficiently as viruses with a PBS complemen-
tary to tRNALys,3. Finally, all of the clones maintained an ing tRNAIle, tRNAPro, or tRNATrp, were not stable and re-
verted back to a PBS complementary to tRNALys,3. Weadditional mutation between the A-loop region and the
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TABLE 3
Sequences of the PBS Region of Pro-AC Mutant Proviruses Isolated at Day 27 Post Coculture
a Sequences located in the A-rich loop region which were made complementary to the anticodon loop of tRNAPro.
b Frequencies of the DNA sequences of the PBS region obtained from independent M13 phage clones.
c The input sequence refers to the initial mutations in the PBS region.
d Asterisks denote identity with the input sequences.
e Nucleotides which might be generated during mismatch repair of the heteroduplex (Ile PBS–Lys,3 PBS) provirus DNA.
f Insertion of Lys,3 PBS and upstream sequence of PBS in addition to the input sequence. Underline denotes the copy of the upstream sequence
of PBS.
g One-nucleotide difference from the predominant inserted sequence within spacer region.
h T insertion during reversion from Pro PBS to Ile PBS.
interpret this result to mean that, as predicted by the scription. Recent studies by Isel et al. have demonstrated
model for reverse transcription, once tRNALys,3 has been that the interaction of tRNALys,3 with the PBS encom-
used to initiate reverse transcription, a PBS complemen- passes not only the 18-nucleotide region of the 3*-termi-
tary to tRNALys,3 is generated by copying this tRNA by RT nus of the tRNA, but additional nucleotides of the tRNA
during plus-strand synthesis; thus a PBS complementary including the anticodon region (Isel et al., 1995). In partic-
to tRNALys,3 is present in some of the integrated provi- ular, the model predicted that a region within U5 of the
ruses. Since tRNALys,3 is the preferred tRNA for initiation, HIV-1 viral genome which consisted of 4 adenine nucleo-
these viruses have a growth advantage so that they will tides (referred to as the A-loop) interacted with the antico-
predominate after only a limited culture (Li et al., 1994; don region of the tRNALys,3 primer. It was possible then,
Wakefield et al., 1995; Das et al., 1995). that mutations within the A-loop of the HIV-1 viral RNA
genome would influence the selection and use of tRNAsA unique aspect of this study is the influence that
used to initiate reverse transcription. Recent studies frommutations in the U5 region in combination with the PBS
have on the use of tRNA primer for HIV-1 reverse tran- our laboratory in which we have shown that HIV-1 viruses
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TABLE 4
Sequences of the PBS Region of Trp-AC Mutant Proviruses Isolated at Days 22, 27, and 34 Post Coculture
a Sequences located in the A-rich loop region which were made complementary to the anticodon loop of tRNATrp.
b Frequencies of the DNA sequences of the PBS region obtained from independent M13 phage clones.
c The input sequence refers to the initial mutations in the PBS region.
d Asterisks denote identity with the input sequences.
e One nucleotide which is not complementary to the 3*-end 18 nucleotides of bovine liver tRNATrp.
f One nucleotide which is not complementary to the 3*-end 18 nucleotides of known tRNAMet (human HeLa cell).
g Two-nucleotide deletion (TT) during reversion from Trp PBS to Met PBS.
h T insertion during reversion from Trp PBS to Ile PBS.
with a PBS complementary to tRNAHis were stable only
if they contained a second mutation so that the A-loop
was complementary to the anticodon loop of tRNAHis sup-
port this idea (Wakefield et al., 1996). To further investi-
gate the possibility that complementarity between the A-
loop and the anticodon loop of the primer tRNA might
be required for use of alternate tRNA primers, we con-
structed additional proviral genomes which contained
both a PBS and a 7- or 8-nucleotide region complemen-
tary to the anticodon loops of tRNAIle, tRNAPro, or tRNATrp.
In the case of a PBS complementary to tRNAIle, the inclu-
sion of the 7-nucleotide region complementary to the
anticodon loop of tRNAIle did not result in the stabilization
FIG. 3. Kinetics of replication of the infectious virus. SupT1 cells of the PBS complementary to tRNAIle. The viruses derived
were infected with equal amounts (approximately 50 ng/ml) of virus from pHXB(Ile-AC) reverted back to a PBS complemen-isolated after 34 days post coculture. At designated times postinfec-
tary to tRNALys,3 after a time of in vitro culture similar totion, supernatants were removed and assayed for p24 antigen. The
that for viruses derived from pHXB(Ile). In contrast, thesamples refer to the initial mutations in the PBS region and are as
marked. inclusion of an 8-nucleotide region complementary to the
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TABLE 5
Sequences of the PBS Region of AC Mutant Proviruses Isolated at Day 11 Postinfection
a Sequences located in the A-rich loop region which were made complementary to the anticodon loop of corresponding tRNAs.
b Frequencies of the DNA sequences of the PBS region obtained from independent M13 phage clones.
c The input sequence refers to the initial mutations in the PBS region.
d Asterisks denote identity with the input sequences.
e One-nucleotide deletion (T) during reversion from Ile PBS to Lys,3 PBS.
f Insertion of Lys,3 PBS and upstream sequence of PBS in addition to the input sequence. Underline denotes the copy of upstream sequence of
PBS.
g One-nucleotide difference from dominant inserted sequence within spacer region.
h Nucleotides which might be generated during mismatch repair of the heteroduplex (Ile PBS–Pro PBS) provirus DNA.
i T insertion during reversion from Trp PBS to Ile PBS.
j Two-nucleotide deletion (TT) during change from Trp PBS to Met PBS.
k Nucleotide which is not complementary to the 3*-end of 18 nucleotides of known tRNAMet (human HeLa cells).
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anticodon loop of tRNAPro or tRNATrp greatly influenced reverse transcription. Interestingly, the viruses derived
from pHXB(Trp-AC) did not contain mutations withinthe stability of the PBS complementary to these tRNAs
after virus culture. In the case of the virus derived from the A-loop region after extended culture. However, by
27 and 34 days post coculture, we found that the major-pHXB(Pro-AC) by 10 days post coculture the majority of
the PBSs amplified were still complementary to tRNAPro ity of the PBS clones contained mutations in which a
CT dinucleotide had been changed to an AA dinucleo-while all of the viruses isolated from transfection of
pHXB(Pro) had reverted back to wild type. Two of the tide, creating a stretch of 3 adenine nucleotides 5 nu-
cleotides upstream of the PBS. Previous studies by10 clones from the virus obtained after transfection of
pHXB(Pro-AC) contained a PBS complementary to Vicenzi et al. have analyzed deletion mutants in the U5
region of HIV-1 (Vicenzi et al., 1994). In this study, atRNAIle. Previous studies by Das et al. have described
the same result in which a PBS complementary to tRNAPro proviral genome was created which contained a 26-
nucleotide deletion in U5 between nucleotides 153 andreverted first to a PBS complementary to tRNAIle followed
by reversion to a PBS complementary to tRNALys,3 (Das 183; this deletion removed the A-loop region. Transfec-
tion of this proviral genome resulted in the productionet al., 1995). After 16 days post coculture, only 3 of 12
clones recovered from virus derived from pHXB(Pro-AC) of infectious virus which, upon subsequent analysis,
was found to have an additional 19-nucleotide dele-still maintained a PBS complementary to tRNAPro. The
viruses derived from pHXB(Trp-AC) were the most de- tion. The revertant provirus now contained 2 adenine
nucleotides in the U5 that were 5 nucleotides upstreamlayed in appearance compared to the wild-type and other
viruses. Analysis of the PBS regions at Days 16 and 22 of the PBS, a position similar to what we found for our
mutant viruses derived from pHXB(Trp-AC). Based onrevealed that the majority of the PBS regions were still
complementary to tRNATrp. Similar to what was found recent studies from Isel et al., it is possible that the
stretch of adenine residues might be important in thewith the PBS complementary to tRNAPro, the inclusion of
the A-loop region complementary to tRNATrp had stabi- transition of the RT from initiation to elongation (Isel
et al., 1996). If this is the case, there appears to belized the PBS of the virus compared to the virus derived
from pHXB(Trp). It is important to note that upon extended flexibility with respect to the proximity of an A-loop
region with respect to the PBS required for reverseculture, some of the viruses derived from pHXB(Pro-AC)
or pHXB(Trp-AC) contained PBS complementary to tRNA- transcription.
One of the striking results of this study was the diver-Lys,3. Thus, mutation of the A-loop and PBS to be comple-
mentary to alternate tRNAs per se does not ensure the sity of the PBS regions observed after extended culture
of the viruses derived from the proviruses with the initialcontinued use of that tRNA to initiate reverse transcrip-
tion. It is possible that additional interactions between mutations in both the A-loop and the PBS. This was most
evident by our identification of viruses derived fromthe viral genome and tRNA may be required for continued
use of a tRNA primer. In support of this idea, Isel et al. pHXB(Trp-AC) which contained a PBS complementary to
tRNAMet. To our knowledge, tRNAMet has not been identi-have demonstrated that the 3* strand of the anticodon
stem and 5* region of the variable loop of tRNALys,3 inter- fied as a primer for initiation of HIV-1 reverse transcrip-
tion. The initiator tRNAMet has been found to be used foract with viral RNA sequences upstream of the A-loop
(Isel et al., 1995). Further studies then will be required the initiation of the yeast Ty retrotransposition (Chapman
et al., 1992) and for copia-like particles of Drosophilato ascertain why some U5–PBS mutations result in vi-
ruses that maintain a PBS complementary to the alternate (Kikuchi et al., 1986). How tRNAMet was selected for use
in reverse transcription is not clear. Sufficient sequencetRNAs (e.g., tRNAHis) (Wakefield et al., 1996), while others
revert rapidly [viruses derived from pHXB(Ile-AC)] or complementarity between the 3*-terminal 18 nucleotides
of the tRNAMet and the PBS complementary to tRNATrpslowly [viruses derived from pHXB(Pro-AC) or pHXB(Trp-
AC)] to a wild-type PBS complementary to tRNALys,3. exists to facilitate an initial interaction as well as the
completion of plus-strand DNA synthesis (Fig. 4). A re-The presence of A-loop region appears to be important
for viruses with a PBS complementary to tRNALys,3. By 11 quirement for tRNAMet to be used in reverse transcription
is that it must be transported into the HIV-1 virion. Al-days postinfection, 7 of the 9 PBS clones sequenced
from the cultures derived from pHXB(Ile-AC) contained though previous studies identified several different spe-
cies of tRNA within the wild-type HIV-1 virion, tRNAMetmutation in the A-loop region that restored a stretch of
3 A nucleotides (Table 5). A similar phenomenon oc- was not identified (Jiang et al., 1993). It is possible that
the viral proteins which are postulated to bring in thecurred in the cultures derived from pHXB(Pro-AC). Even
though all of the PBS clones sequenced contained a tRNA into the virion, specifically the nucleocapsid and
reverse transcriptase (Barat et al., 1989, 1993), have mu-dual PBS, 8 of the 10 clones also contained a mutation
(nucleotide 171, C to A) which restored 3 adenine nucleo- tated to allow for the selective incorporation of tRNAMet
into the HIV-1 virion. Forther studies will be required totides in the A-loop. Thus, during in vitro culture, viruses
were probably selected for which contain a stretch of 3 address this possibility.
Analysis of the diversity of the PBS from viruses de-adenine nucleotides within the original A-loop region and
further support the importance of this region in HIV-1 rived from pHXB(Pro-AC) further highlights the complex
AID VY 8064 / 6a1c$$$263 07-18-96 01:44:43 viral AP: Virology
413HIV-1 REVERSE TRANSCRIPTION WITH ALTERNATE tRNAs
In most cases, the virus containing the PBS complemen-
tary to tRNALys,3 rapidly overgrew the culture such that
we only isolated PBS complementary to tRNALys,3. To
determine if this would be the case for the cultures with
the PBS and anticodon regions complementary to
tRNAPro, we continued our cultures and analyzed the PBS
regions at Day 27 post coculture. Consistent with our
previous findings, we found that the PBS regions from
all of the clones analyzed contained a PBS complemen-
tary to tRNALys,3. What was striking was that the majority
(six of eight) contained a dual PBS; one of which was
complementary to tRNALys,3 while the second PBS was
complementary to tRNAPro, tRNAIle, or tRNALys,3. In all of
the clones analyzed, there was a 14-nucleotide ‘‘spacer
region’’ between the PBS. What is not clear though is
if only one of the PBSs is used to initiate of reverse
transcription. Studies are ongoing to address this ques-
tion.
In summary, the results of our studies highlight the
complexity of HIV-1 reverse transcription with respect to
the selection of the tRNA primer used for initiation. In
some cases, such as those viruses derived from
pHXB(Pro-AC) and pHXB(Trp-AC), it was clear that muta-
tions within the A-loop influenced the selection and use
of the tRNA primer for reverse transcription. However,
the complementarity between the A-loop, the PBS, and
the tRNA is not the sole determinant for the selection of
a specific tRNA to be used in reverse transcription as is
evident from the fact that viruses derived from pHXB(Ile-
AC) rapidly reverted back to the wild-type PBS comple-FIG. 4. Postulated interaction between the tRNAMet and U5–PBS
region. (A) Proposed base pairing required for the conversion of the mentary to tRNALys,3. Further studies will be required to
PBS complementary to tRNATrp to a PBS complementary to tRNAMet. delineate why mutations of certain A-loop–PBS combina-
This model also accounts for the deletions of two T nucleotides directly tions result in viruses which utilize alternative tRNAs to
downstream from the PBS complementary to tRNAMet. Arrow denotes
initiate reverse transcription.the direction of polymerization by RT. (B) Diagram of tRNAMet as de-
scribed by Harada et al. (1984). The complementarity of possible base
pairing between the anticodon loop of tRNAMet and the corresponding
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